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-There is a sparsity of data on energy expenditure in young children. We therefore examined the components of daily energy expenditure in a group of 30 children (16 boys, 14 girls; age 4-6 yr) characterized for body weight, height, heart rate, and body composition from bioelectrical resistance. Total energy expenditure (TEE) was measured over 14 days under free living conditions by doubly labeled water, resting energy expenditure (REE) from indirect calorimetry, and activity energy expenditure was estimated from the difference between TEE and REE. Mean TEE was 1,379 t 290 kcal/day, which was 475 t 202 kcal/day lower than energy intake recommendations for this age group. Activity-related energy expenditure was estimated to be 267 & 203 kcal/d ay. TEE was most significantly related to fat-free mass (FFM; r = 0.86; P < O.OOl), body weight (r = 0.83; P < O.OOl), and REE (r = 0.80; P < 0.001). When TEE was adjusted for FFM, a significant correlation with heart rate was observed (partial r = 0.54; P = 0.002). Collectively, 86% of interindividual variation in TEE was accounted for by FFM, heart rate, and REE. We conclude that, in young 4-to 6-yr-old children, 1) TEE is m 25% lower than current recommendations for energy intake and 2) combined measurement of FFM, heart rate, and REE explain 86% of interindividual variation in TEE, thus providing a possible alternative method to estimate TEE in young children. activity; heart rate; body composition; fat-free mass; fat mass; doubly labeled water; childhood obesity THE PREVALENCE of childhood obesity is currently estimated to be 25% (2) , and some evidence suggests that the incidence rate is increasing (3, 4) . Although increased television viewing and decreased play time have been implicated in this "fattening" of young children (4, 5) , the etiology of the development of childhood obesity remains elusive. The current lack of understanding of the mechanism for obesity may be explained, at least in part, by a paucity of information on the regulation of energy expenditure in young children. Information on energy expenditure in young children is also required to provide information on energy requirements. This premise is based on the concept that daily energy intake should be equivalent to total daily energy expenditure to maintain energy balance and thus prevent the development of excess energy storage. In growing children, this energy requirement would need to be supplemented by additional calories required for growth. Thereafter, the individual prescription of appropriate levels of daily energy intake has the potential to serve as a useful tool for the prevention of obesity, particularly in children who are at risk. Current recommendations for energy intake in young children are based on intake data collected in 12,500 children in developed countries and are classified according to age and sex (22). However, methodological problems associated with measurement of energy intake (11,17) and possible changes in physical activity since these data were collected render the existing reference values questionable. These limitations have led to the suggestion that future recommendations for energy intake should be based on measurements of energy expenditure (22) .
The purpose of this study was to therefore examine the factors contributing to individual variation in total energy expenditure in 4-to 6-yr-old children. Using the doubly labeled water technique, which enables measurement of energy expenditure under free living conditions, our major finding is that total energy expenditure is 25% lower than recommended energy intake for this age group. Fat-free mass, heart rate, and resting energy expenditure explain 86% of the interindividual variation in total energy expenditure in young children, thus providing a possible alternative means of measuring total energy expenditure in young children.
SUBJECTSAND METHODS
Subjects. Energy expenditure data and related variables are presented in 30 healthy Caucasian children (16 boys and 14 girls), age 4-6 yr. Subjects were recruited from preschools and newspaper advertisements from the Burlington, VT, area. There were no major inclusion/exclusion criteria other than the absence of major illness since birth. Six of the children had two obese parents, seven had an obese father, and three had an obese mother, where obesity was defined as a body mass index above the 85th percentile for their sex and age (14). The remaining children had two lean parents (body mass index below the 85th percentile for age and sex). After adjusting for individual differences in body composition, we found no significant difference in total energy expenditure between children with two lean parents relative to children with at least one obese parent, thus justifying the examination of energy expenditure in the group as a whole. The studies all took place during the school year but not during the winter months (December to February). The nature, purpose, and possible risks of the study were carefully explained to both parents before obtaining consent to participate. The experimental protocol was approved by the Committee on Human Research for the Medical Sciences of the University of Vermont.
Outline of protocol. On the evening before testing, children visited the Clinical Research Center to provide baseline urine samples, drink the doubly labeled water, and become familiar with the investigators and testing equipment. On the following morning, children consumed their usual breakfast at home and then reported to the Clinical Research Center for assessment of resting energy expenditure (REE), body composition, anthropometrics, vital signs, heart rate, and collection of urine samples. Testing was completed by noon, and the children were free to leave the Clinical Research Center. Family members were unaware that total energy expenditure was being measured in the children, as they were informed that the oral dose of doubly labeled water and urine collections were for measurement of body composition. The children returned to the Clinical Research Center in the morning 2 wk later for repeated measurement of REE, body composition, heart rate, and the collection of two additional urine samples. 
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Measurement of REE. REE was measured in duplicate by indirect calorimetry using a portable Deltatrac metabolic monitor, which was calibrated before each test against standard gases and weekly by ethanol combustion. Subjects were instructed to consume their usual breakfast at home before reporting for testing. During testing the children were instructed to lie still and were allowed to watch video cartoons. Our reported measurements of REE therefore includes, by design, the additional energy cost of meal-induced thermogenesis and spontaneous physical movement that would naturally occur during quiet rest periods. Expired air was collected using an adult-size ventilated canopy for 20 min after a lo-min equilibration period, and energy expenditure was calculated according to &. 12 of de Weir (1) . Measurement of total energy expenditure. Total energy expenditure was measured over 14 days under free living conditions with the doubly labeled water technique. On the evening before testing a baseline urine sample was collected, and children were administered an oral dose of doubly labeled water at approximate doses of 0.15 g H,180 and 0.12 g *H20 per killogram body mass. A total of four timed urine samples were collected after dosing, two the morning after dosing and two in the morning 14 days later. This protocol minimizes error due to diurnal variation in isotope turnover (20), while reducing the effects of analytical error. Samples were analyzed in triplicate for H2180 and *H20 by isotope ratio-mass spectrometry. The average SD for triplicate analysis was &4.4%0 and &0.36%0 for *H,O and H2180, respectively. Turnover rates and time 0 dilution spaces of H2180 and *H20 were calculated as previously described (1 l), and CO, production rate was calculated according to Eq. 5 of Speakman et al. (19) rcO (mol/day) = 0.4554 x N(K, -ratio x Kh) 2 (1) where N is total body water, which is equal to the average of D, and DJratio; D, and Dh are the time 0 dilution spaces of H2180 and *H20, respectively, in moles; K, and Kh are the turnover rates of H2180 and *H20, respectively, in days-l; ratio is the gender-specific group mean deuterium-to-oxygen-18 dilution space ratio for boys and girls.
The above equation is a modification of Eq. A6 of Schoeller et al. (18) , based on post hoc evaluation of the group mean deuterium-to-oxygen-18 dilution space ratio, as described by Speakman et al. (19) . CO, production rates were converted to energy expenditure using Eq. 12 of de Weir (1) using the mean individual value for the food quotient of the children's diet (0.90 t 0.01; range 0.87-0.93, no gender effect), as measured using a food frequency questionnaire (2 1). Measurement of body composition. Whole body resistance was measured using an RJL 1OlA bioelectrical impedance analyzer (Mt. Clemens, MI) using the manufacturer's recommended electrode placement sites and calibration procedures. Total body water was calculated from height squared divided by resistance using an equation developed in our own laboratory and crossvalidated in an independent group of young children (Goran et al., unpublished observation) TBW = (H*/R X 0.31) + (0.19 X weight) + 2.32 kg (2) where TBW is total body water, H is height in centimeters, R is resistance in ohms, and weight is in kilograms.
Equation
2 is transformed into an equation for estimating fat-free mass using the published age-specific and gender-specific constants for the hydration of fat-free mass in children (7) 
where age is in years, and gender is zero for females and one for males. Fat mass was derived from the difference between body weight and fat-free mass.
Measurement of heart rate. Heart rate was measured for 1 min using a stethoscope. In the first 12 subjects, heart rate was measured at the end of the two testing periods and averaged. In the remaining 18 subjects, heart rate was recorded every 30 min during each of the two mornings testing, and the value reported is the average of at least eight such readings. For all measurements of heart rate, there was no control over the activity of the child immediately before measurement or of their body position (lying, sitting, standing) during measurement.
Comparison with current recommendations for intake. Values of total energy expenditure were compared with existing recommendations for energy intake in this age group (22). The recommendations used were those using body weight as the major predictor of energy requirements, classified according to age and gender.
Statistics. Mean values, standard deviations (SD), and ranges are presented for all measures. The Pearson product-moment correlation was used to derive the level of association between pairs of variables. Forward stepwise regression techniques were used to examine the combination of factors explaining variation in total energy expenditure. All statistical and data manipulations were performed on a personal microcomputer using either Lotus l-2-3 (Lotus, Cambridge, MA) or Statplan (The Futures Group, Washington, DC) software packages.
RESULTS
Physical characteristics of the children. Means, SD, and ranges for age, weight, height, and body composition of this group of children are shown in Table 1 for boys and girls, and the individual data are provided in Table 2 Data are means ,t SD with ranges in parentheses; n, no. of subjects. REE, average of 2 measures of resting energy expenditure, while subjects view television or video cartoons, 2-3 h after subjects consume their usual breakfast at home; TEE = total free living energy expenditure averaged over 14 days by doubly labeled water; REQ, published requirements for energy intake (22). There was a significant difference in %body fat for boys vs. girls. boys and girls were similar with respect to body weight, height, fat, and fat-free mass, although percent body fat was significantly higher in the girls.
Performance of techniques. The intraclass correlation coefficient for duplicate measures of REE performed under the same test conditions 14 days apart was 0.91, with an average coefficient of variation between duplicate measurements of 4.6 t 3.9% (range O.l-15.0%; first measure 1,097 t 129 kcal/day; second measure 1,120 t 134 kcal/day; not significant by paired t test). Measurement of respiratory quotient was also reproducible with an intraclass correlation coefficient of >O.99 and a coefficient of variation of 2.5 t 1.8% (range O-6.9%; first measure 0.92 t 0.04, second measure 0.92 t 0.03, not statistically different by paired t test). Our best estimate of the effect of random analytical errors on the doubly labeled water technique is that it introduces an overall uncertainty in total energy expenditure of at least 3.5 t 2.3%. This figure was derived by computing energy expenditure values from analysis of the first set of urine samples prov ided on days 1 and 14, as compared with the second set provided 2-3 h later on the same morning. The value of 3.5% is an underestimate since it does not include an estimate of error in the measurement of baseline enrichments.
The intraclass correlation coefficient for duplicate measurements of height squared divided by resistance performed 14 days apart was >0.99, with an average coefficient of variation of 1.9 t 1.9%. This leads to an uncertainty in -1% for the calculation of fat-free mass and 2.0% for the calculation of percent body fat.
Energy expenditure data. Table 1 contains the means, SD, and ranges for the various components of energy expenditure and published reference values for energy requirements in these children. Individual data for doubly labeled water data and the components of energy expenditure are provided in the Table 3 . There was no significant difference between boys and girls for the energy expenditure data when expressed in absolute terms or when energy expenditure components were normalized for body composition. Physical activity energy expenditure, as estimated from the difference between total energy expenditure and REE, was 267 t 203 kcal/day, representing 17 t 11% of total energy expenditure. Published recommendations for intake in these children is 1,853 t 378 kcal/day, which is significantly higher (P < 0.001) by an average of 475 t 201 kcal/day (range 185-977 kcal/day) than measured total energy expenditure. The difference between current recommendations for energy intake (22) and measured total energy expenditure is shown for each child in Fig. 1 .
As shown in Table 4 , total energy expenditure was significantly correlated with fat-free mass, body weight, body surface area, REE, height, and fat mass. For activity-related energy expenditure (total -resting) and REE, a similar pattern of correlation coefficients was apparent although the associations were somewhat weaker ( Table  4) . The relationship between total energy expenditure and fat-free mass is shown in Fig. 2 and is depicted by the following regression equation
where TEE is total energy expenditure in kilocalories per day; FFM is fat-free mass in kilograms; R2 is 0.74, SE of the estimate is 150 kcal/day.
After adjusting total energy expenditure for fat-free mass a significant correlation with heart rate was observed (partial r = 0.54; P = 0.002). Stepwise regression analysis was performed with total energy expenditure as the dependent variable and the following physiological variables as independent variables: fat-free mass, fat mass, age, heart rate, REE, and gender. The results of this analysis are summarized in Table 5 and show that fat-free mass explains 74% of the variation in total energy expenditure, heart rate explains an additional 7% of the unique variation, followed by REE, which explains an additional 5%.
DISCUSSION
Our major finding in this study is that total energy expenditure in 4-to 6-yr-old children is -25% lower than current recommendations for energy intake. The lower than expected values for total energy expenditure in children is due primarily to low activity-related energy expenditure, which we estimate to be -267 kcal/day, representing only 17 t 11% of total daily energy expenditure. The caloric cost of activity-related energy expenditure under free living conditions has not previously been quantified in young children and has only been made possible with the application of the doubly labeled water technique. Although children may appear to be active, they do not perform high-intensity exercise for long periods of time (6,12), and, in 6-to '7-yr-old children, heart &, and Kc,, turnover rates of deuterium and oxygen-18, respectively; Dh and D,, time 0 dilution spaces of deuterium and oxygen-18, respectively; rCOz, COP production rate; HR, average of multiple heart rate measurements performed at random periods during testing; see SUBJECTS AND METHODS for further details of measurement and calculation procedures. * The value of 0.979 was not included in averaging of dilution spaces, since it was >2 SD values away from mean. rate is ~120 beats/min for 75% of the day (9). In addition, that requirements derived from measurement of total the actual energy cost of playing has been shown to be less than a slow walk (15). Therefore, whereas children may energy expenditure (adjusted for growth) are 11% lower appear to be active, the total caloric cost of these activithan recommended intakes in infants ~12 mo of age. In infants between 1 and 3 yr the discrepancy is more ties is actually smaller since these activities are low instriking, where requirements derived from expenditure tensity and are not sustained over extended periods of (adjusted for growth) are -20% lower than the recomtime.
mend intakes. The energy cost of physical activity is an important
There is a paucity of data on direct measurements of component of daily energy expenditure because it is energy expenditure in young children with which the highly variable from one subject to another and within subjects over time (10). It includes the daily energy cost present data can be compared. Fontvieille et al. (8) reported total energy expenditure in 5-yr-old Caucasian of all physical movement including spontaneous physical activity (fidgeting). In the current study, the estimates children living in Phoenix, AZ, who were similar in age of activity-related energy expenditure do not include (5.5 yr) and weight (20.1 kg) to the children in the the likely energy cost of spontaneous physical activipresent study. The total energy expenditure data were ty because, although we instructed the children to lie similar to the present study for both boys (1,468 & 263 still during measurement of REE, it was difficult to rein- intakes. These data demonstrate Our results should not be used in isolation for the de-The significant and positive relationship between energy expenditure, normalized for fat-free mass, and heart rate was an unexpected finding in this study given the lack of control in these studies over measurement of heart rate. This observation suggests that combined measurement of heart rate and body composition may provide a novel alternative means for estimating free living energy expenditure in larger groups of children. Further studies are required, however, to define the optimal conditions and measurement time to maximize the ability of using heart rate in combination with body composition for predicting energy expenditure in young children.
There are a number of potential limitations with our study that should be mentioned. First, our calculations of energy expenditure from doubly labeled water are based on a food quotient of 0.90, which was obtained from a semiquantitative food frequency questionnaire (2 1). This value is higher than the value of 0.87, which was reported in children during the 1987-1988 United States Department of Agriculture food consumption survey (23). Use of the value of 0.87 instead of that measured (0.90) would reduce our estimates of total energy expenditure by m 3 %, thus accounting for a fraction of the discrepancy between our reported value of total energy expenditure and the current recommendations for intake. The second limitation relates to our measurements of REE. Traditionally, in adults, REE is measured under very controlled conditions (12 h postabsorptive, no muscular movement, and in the early morning upon awakening) and is referred to as resting metabolic rate. Our interest in the present study, however, was to measure energy expenditure under more physiologically relevant velopment of new equations for predicting energy requirements in children. The development of new prediction equations should be based on pooling data from several laboratories to enable a larger and more heterogenous sample size. It will then be imperative to cross-validate new equations in independent data sets to demonstrate their predictive capacity. The purpose of this study was to identify the important markers on which future studies should be based. Other studies interested in formulating equations for predicting energy requirements in children should therefore consider measuring fat-free mass by bioelectrical impedance, heart rate, and REE under the conditions that we have described. It is important to point out that any new formulations for energy requirements that are derived from measurement of energy expenditure will have to be increased to take into account the energy storage that occurs during growth. Our best estimate for energy deposition during childhood growth is based on the assumptions that 1) the average child gains 2.7 kg/yr and 2) that 75% of body weight gain is fat-free mass and 25% is fat mass. With these figures, we compute that energy deposition is -25 kcal/day in a growing child. conditions that would be encountered during a child's normal day. For this purpose we allowed the children to watch television with instruction to lie still. With this design the children were able to maintain a relaxed state without the anxiety of having to lie perfectly still. Also, our measurements of REE include meal-induced thermogenesis, since the subjects consumed their normal breakfast at home before testing. The rationale for doing this was to reduce the anxiety of having children in a fasted state. Thus our measurements of REE include the impact of the normal environmental influences such as normal physical movements that occur during a relaxed resting state and the additional energy expenditure that occurs in response to the child's normal breakfast meal. Although this testing protocol is fundamentally different from that normally used in adults, it does represent a reproducible and more physiologically relevant measurement. Moreover, we feel that this new protocol has potential for widespread practical application, should measurement of REE prove useful for clinical prescriptions of energy requirements in children.
In summary, in young 4-to 6-yr-old children, total energy expenditure is -25% lower than current recommendations for energy intake. Our data also provide evidence that random measurements of heart rate may act as a marker of activity-related energy expenditure in young children. Collectively, our findings show that body composition and heart rate can explain 86% of individual variation in total energy expenditure, thus providing a possible alternative means for estimating total energy expenditure in young children.
